Background and objectives End-stage renal disease is linked to alterations in thyroid hormone levels and/or metabolism, resulting in a high prevalence of subclinical hypothyroidism and low triiodothyronine (T3) levels. These alterations are involved in endothelial damage, cardiac abnormalities, and inflammation, but the exact mechanisms are unclear. In this study, we investigated the relationship between serum free-T3 (fT3) and carotid artery atherosclerosis, arterial stiffness, and vascular calcification in prevalent patients on conventional hemodialysis.
Introduction
End-stage renal disease is linked to alterations in thyroid hormone levels and/or metabolism, resulting in specially a high prevalence of subclinical hypothyroidism and low triiodothyronine (T3) levels (1-5). Zoccali et al. (6) initially pinpointed that uremic inflammation shared strong links with these low T3 levels, and subsequent studies have also implicated thyroid hormone alterations with endothelial damage and cardiac abnormalities (7, 8) . Nevertheless, the exact mechanisms for these associations are not fully clear. In experimental models, thyroid hormones via blood vessel dilation, production of vasodilator molecules, inhibition of angiotensin II receptor expression, and its signal transduction are suggested to regulate endothelial function and vascular homeostasis and have anti-atherosclerotic effects (9 -12) . In nonuremic populations, the presence of overt as well as subclinical hypothyroidism has been related to accelerated atherosclerosis and coronary artery disease (13, 14) . In contrast, some studies found that subclinical hypothyroidism was associated with an increased risk of heart failure but not with an increased risk of coronary artery disease (15) .
Recently, several observational studies have suggested that low T3 levels are sensitive predictors of cardiovascular and overall mortality in hemodialysis (HD) patients (5, 7, 16) raising the hypothesis that these relationships may be causal. Moreover, it has been shown that serum free-T3 (fT3) level associated with impaired endothelial function as assessed by flowmediated dilation in nondiabetic nondialyzed patients with chronic kidney disease (CKD) (17) . It is presently unknown whether atherosclerotic features commonly found in dialysis stages are associated with low T3 levels. In this cross-sectional study, we investigated the relationship between serum fT3 and carotid artery atherosclerosis, arterial stiffness (AS), and vascular calcification in prevalent patients on conventional HD.
Study Population and Methods
We studied total T3, fT3, free T4 (fT4) and thyroidstimulating hormone (TSH) levels in the stored sera samples of 172 prevalent HD patients in whom carotid arteryintima media thickness (CA-IMT), AS, and coronary artery calcification score (CACs) were measured.
Patients
The patients enrolled were a subgroup of the participants of a prospective clinical trial (Ege Study; Clinicaltrials ID NCT00295191). Inclusion criteria for the Ege Study were to be aged between 18 and 80 years and were on thrice weekly HD; main exclusion criterion was life expectancy less than a year. Patients for this study were selected among Ege Study participants on the basis of the following inclusion and exclusion criteria. Inclusion criteria were CA-IMT, AS and CAC data measured within a period of 3 months in the context of the Ege Study and available stored sera sample for measurement of thyroid hormones obtained within the same interval. Exclusion criteria were abnormal TSH levels and using anti-thyroid medications. In total, 35 patients were excluded because of (1) abnormal TSH and/or use of anti-thyroid medications (n ϭ 29) and (2) presence of cardiac arrhythmia (n ϭ 6). Thus, this study analyzes the remaining 137 patients.
Demographic, clinical, and laboratory parameters were collected from patients' charts. The local ethics committee approved the study and informed consent was obtained from all patients. The study was performed according to the recommendations of the Declaration of Helsinki of 1975 (and as revised in 1983). The etiology of CKD was diabetic nephropathy in 24, chronic glomerulonephritis in 11, chronic pyelonephritis in 12, hypertensive renal disease in 29, polycystic kidney disease in 14, amyloidosis in two, and unknown in 45. At the time of enrollment, only 18 (13.1%) patients were on anti-hypertensive medication: mainly calcium channel blockers (n ϭ 12) and angiotensinconverting enzyme inhibitors (n ϭ 6). Thirty-three percent of the patients were on active vitamin D treatment, 27% on treatment with erythropoietin, 25% on intravenous iron therapy, and 84% on treatment with calcium-based phosphate binders. Only 8.2% percent of the patients were receiving statins. All of the patients were on thrice weekly 4-hour hemodialysis treatment with standard bicarbonate dialysis. Sixty percent of them were dialyzed by high-flux membrane (FX60/80; Fresenius Medical Care, Bad Homburg, Germany).
Laboratory Measurements
Blood samples were collected at the beginning of the HD session under fasting conditions. Sera from the blood samples were separated and kept frozen at Ϫ 70°C until use. All of the biochemical parameters including albumin, creatinine, total cholesterol, triglyceride, HDL cholesterol, phosphate, and highly-sensitive C-reactive protein (hs-CRP) were performed by standard auto analyzers (Architect C8000 and CELL-DYN 3700) in the same central laboratory registered to external quality control programs. LDL cholesterol was calculated by the Friedewald formula (18) . Serum TSH (reference range, 0.27 to 4.2 mU/L), total T3 (reference range, 0.84 to 2.02 ng/ml), fT3 (reference range, 3.10 to 6.80 pmol/L), and fT4 levels (reference range, 12 to 20 pmol/L) were measured by a chemiluminescent immunoassay method (Cobas E systems; Roche Diagnostics GmbH). The coefficient of variations were 4.2% for fT3, 3.2% for T3, 3.9% for fT4, and 6.1% for TSH.
Measurement of CA-IMT Thickness
Ultrasonographic studies on common carotid arteries were carried out by gray scale high-resolution color Doppler ultrasound (ATL HDI 5000 scanner Philips, ATL ultrasound, Bothell, WA, ABD) equipped with 5 to 12 MHz linear transducer. The same operator performed all procedures on both sides of two longitudinal images of the each common carotid artery in the morning. An average of two CA-IMT values from each side were used to calculate mean CA-IMT. In addition, presence of CA plaque was recorded. The intraobserver coefficient of variation was 2.68%.
Measurement of AS
AS was evaluated using Sphygmocor device (AtCor Medical, Sydney, Australia) by the same operator. Augmentation index (AIx) was calculated from pulse waves of the radial artery that were recorded by applanation tonometry, as described previously (19) . Carotid-femoral pulse wave velocity (c-f PWV) was measured by sequential recordings of the arterial pressure wave at the carotid and femoral arteries and by measurement of the distance from the carotid sampling site to the suprasternal notch and from the suprasternal notch to the femoral sampling site. With a simultaneous electrocardiography recording of the R-wave as reference, the integral software calculated the pulse wave transit time. The intraobserver variability was 4.1%.
Measurement of CAC
Multi-slice computed tomography scans were performed with a 16-slice technique (Aquilion 16; Toshiba Medical Systems, Tokyo, Japan). All of the scans with slices of 3.0 mm thickness were acquired under the following conditions: 250 mA of tube current, 62 mA effective. The images were obtained during a single breath-hold of 12 to 15 seconds. The data obtained during the diastolic phase of the cardiac cycle were used for image reconstruction, with electrocardiography monitoring. Calcium scoring was performed on the reconstructed image sets with commercially available software (Terarecon 3.4.2.11). Threshold calcium determination was set using a density of at least 130 Hounsfield units. CAC score was calculated by summing the calcification score in the left main, the left anterior descending, the left circumflex, and the right coronary arteries. The calcium score was blindly evaluated by the same radiologist, according to the method described by Agatston et al. (20) . The intraobserver variability for CAC was 1.7% with using volume calculations.
Statistical analyses
All of the parameters were expressed as the means Ϯ SD. P value less than 0.05 was considered statistically significant. Comparisons between two groups were assessed by chi-squared and independent t test analysis. Differences between more than two groups were analyzed by ANOVA. Spearman analysis was used for univariate correlations between thyroid hormones (total T3 and fT3) and other variables. Ordinary logistic regression analysis was performed to study the predictive factors for CA-IMT and c-f PWV tertiles as well as the severity of CACs (dichotomized as Ն400 versus Ͻ400). For each examination, only variables found as significant in univariate analyses were included in logistic regressions. All of the statistical analyses were performed using SPSS, version 15 (Chicago, IL).
Results

Patients
Patient characteristics are given in Table 1 according to tertiles of distribution of fT3. The presence of diabetes and that of cardiovascular disease (CVD) history were 18% and 21%, respectively. Only 2.8% of the patients had hypoalbuminemia (Ͻ3.5 g/dl). Hyperphosphatemia (Ͼ5.5 mg/dl) was present in 21% of the patients. Most of the patients (88%) had acceptable ekt/V values (Ͼ1.2). Eighty-one percent of the patients had normotension without using antihypertensive medication; hypertension prevalence was only 19%. Mean fT3 level was 3.70 Ϯ 1.23 pmol/L, total T3 was 0.87 Ϯ 0.18 ng/ml, fT4 was 12.5 Ϯ 2.34 pmol/L, and TSH was 1.57 Ϯ 0.80 mIU/ml. The patients in the low fT3 tertile were older, had lower hemoglobin and albumin levels, and had higher hs-CRP levels compared with middle and high fT3 tertiles. CACs did not vary across fT3 tertiles, and a weak inverse association was found between fT3 and CACs (r ϭ Ϫ 0.16, P ϭ 0.05), which did not stand multivariate adjustment (not shown). However, across decreasing fT3 tertiles, AS and CA-IMT were incrementally higher. Given that these associations were of interest, we studied them in multivariate analysis.
Free T3 Level and CA-IMT
Mean CA-IMT was 0.75 Ϯ 0.16 mm. fT3 level was inversely correlated with CA-IMT (r ϭ Ϫ 0.23, P Ͻ0.01) ( Figure 1A ) in univariate analysis. The patients in the highest CA-IMT tertile (IMT Ͼ0.8 mm) were older, more likely to be diabetic, and had lower serum albumin and fT3 levels and higher systolic and diastolic BP, interdialytic weight gain, and hs-CRP compared with middle and lowest tertiles (data not shown). In ordinal logistic regression analysis adjusted with variables related to CA-IMT, fT3 level along with age and interdialytic weight gain were significantly associated with CA-IMT (model 2 : 51.18, P Ͻ 0.0001; pseudo r 2 ϭ 0.35) ( Table 2 ). The lowest fT3 tertile was associated with higher CA-IMT values compared with high fT3 tertile (odds ratio [OR], 2.17; 95% confidence interval [CI], 1.24 to 3.29; P ϭ 0.006).
The presence of carotid artery plaque was 54.9%. fT3 levels were not different between the patients with and without carotid artery plaques (3.66 Ϯ 1.55 versus 3.79 Ϯ 0.76 pmol/L, P ϭ 0.55).
Free T3 Level and AS
Mean c-f PWV and AIx values were 10 Ϯ 3.2 m/s and 28% Ϯ 10%, respectively. fT3 level was inversely correlated with c-f PWV (r ϭ Ϫ 0.37, P Ͻ0.01) ( Figure 1B ) and AIx (r ϭ Ϫ 0.18, P ϭ 0.04) in univariate analysis. However, fT3 was not a significant predictor for arterial stiffness parameters in the whole group in adjusted models.
Because diabetes is an important confounder in the associations with surrogates of endothelial function, we reanalyzed the association between fT3 and c-f PWV in nondiabetics separately (n ϭ 113). Moreover, fT3 level was associated with c-f PWV in nondiabetics but not in diabetics (P Ͻ0.01 for the interaction between c-f PWV and diabetes status). Nondiabetic patients in the highest c-f PWV tertile were older, more likely to be men, had higher frequency of CVD history, and had longer time on HD, higher BP and CRP, and lower albumin and fT3 levels compared with other tertiles (not shown). Multivariate analysis showed that an increase in c-f PWV was positively associated with age and systolic BP and negatively with fT3 level (model r 2 ϭ 0.69; Table 3 ). Compared with the highest fT3 tertile, both the lowest and middle fT3 levels were associated with higher c-f PWV (OR, 2.88; 95% CI, 1.62 to 5.13; P Ͻ0.01 and OR, 2.53; 95% CI, 1.49 to 4.29; P Ͻ0.01, respectively).
Total T3 Level and Associated Variables
Serum T3 level was directly correlated with fT3 (r ϭ 0.63, P Ͻ0.01) and inversely correlated with age (r ϭ Ϫ 0.33, P Ͻ0.01), presence of diabetes (r ϭ Ϫ 0.23, P Ͻ0.01), CA-IMT (r ϭ Ϫ 0.21, P ϭ 0.01), and c-f PWV (r ϭ Ϫ 0.29, P Ͻ0.01). T3 levels were not different between patients with and without carotid artery plaques. T3 was not a predictor both CA-IMT and c-f PWV after adjustment for age and diabetes (data not shown).
Discussion
Our results show that among patients on long-term chronic hemodialysis, fT3 level is associated with the degree of carotid atherosclerosis. Serum fT3 level is also associated with AS in nondiabetic subjects.
In the nonuremic population, the presence of both overt hypothyroidism and subclinical hypothyroidism is related to accelerated atherosclerosis (14, 21) . Hypothyroidism is associated with several traditional risk factors for atherosclerosis such as elevation of total cholesterol, LDL cholesterol level and oxidation, apolipoprotein B level, and reduction of HDL cholesterol levels. In addition, hyperhomocysteinemia, increased CRP level, and decreased fibrinolytic activity (low D-dimer and high plasminogen activator inhibitor-1 levels) have been proposed as novel risk factors in hypothyroidic patients (21) (22) (23) . Although CKD patients are reported to have increased frequency of subclinical hypothyroidism (1,2) and Low-T3 syndrome (5), the clinical implications of this altered thyroid metabolism are not well defined.
Accelerated atherosclerosis is commonly observed in dialysis patients (24) , and as a novel finding in our study, we report that low serum fT3 levels were an important determinant of carotid atherosclerosis in HD patients. Several mechanistic explanations may justify this association. First, the association between fT3 and both albumin and hs-CRP found in our study may reflect the role of malnutritioninflammation in the pathogenesis of atherosclerosis in this population (5). Second, low T3 level is significantly associated with left ventricular dysfunction and hypertrophy in dialysis patients (25) , an association that may in part depend on arterial rigidity. Because adjustment for inflammation markers (IL-6 and albumin) in that study abrogated these relationships, the authors suggested that the link between low fT3 and cardiomyopathy was mediated by inflammation (25) . In our study, however, adjustment for CRP and albumin did minimally affect the link between fT3 and IMT. It is possible that differences in sample size, definitions, and confounders used in multivariate adjustment as well as methodology (multivariate versus logistic regression) may infer in this apparent contradiction that warrants confirmation. However, several studies have suggested anti-atherosclerotic effects for fT3 on the vascular bed via its effect on mitochondrial oxidation systems, induction of vasodilatatory molecules, and inhibition of an- giotensin II receptor expression and downstream signal transduction not necessarily involving the inflammatory cascade (12, 26, 27) . Another novel finding in our study is that serum fT3 levels were inversely related to AS in nondiabetic HD patients. Dialysis patients have increased AS as compared with the general population. However, the underlying mechanisms are not well defined and may include chronic fluid overload, arterial calcifications, microinflammation, abnormalities of the nitric oxide system, dyslipidemia, and endothelial dysfunction (28) . In nonuremic populations, overt as well as subclinical hypothyroidisms are linked to increased AS (29) . Nevertheless, it has been suggested that T3 has important effects on the vascular system, by inducing relaxation of vascular smooth muscle cells through a direct or indirect effect via activation of nitric oxide synthase and inducing adrenomedullin expression in endothelial cells (9, 10, 30) . Also, thyroid hormone enhances angiogenesis (31) . The association between thyroid hormone levels and AS has never been investigated in end-stage renal disease subjects. Our results therefore agree with and expand a recent study including nondiabetic patients with stage 3 to 4 CKD that reported an association between low fT3 level and endothelial dysfunction as assessed by flowmediated vasodilation (17) .
Finally, we fail to show a multivariate association between fT3 and vascular calcification. This rationale is based on experimental studies showing that T3 stimulates osteoblast activity and vascular smooth muscle cells both directly and indirectly via complex pathways involving many growth factors and cytokines (32, 33) . However, there are no data available on the effects of fT3 levels on in vivo vascular calcification in humans. Additionally, it is possible that progressive vascular calcification in dialysis patients has subtle differences from other diseases (34) . Also, vascular calcification is not observed in every HD patient despite the presence of a similar risk profile (35) .
Although T3 levels were closely related with fT3 levels, T3 levels were not a predictor for carotid atherosclerosis or AS. This may be expected, because fT3 represents the active hormone form with purportedly causal links in these processes. In a cohort of euthyroid incident dialysis patients, Carrero et al. (7) reported that T3 captured a bigger all-cause and CVD mortality prediction than fT3 levels. These results are not in contradiction because it is likely that T3, including binding to several transporters such as albumin, may additionally represent the mortality risk associated to the overall inflammatory status. Our study has, nevertheless, certain limitations that merit discussion. First is the existence of only one time point; it would be imperative to study determinants and implications of fT3 changes over time in dialysis patients. Second, the fact that our cohort excluded a priori patients with serious comorbid situations or with a life expectancy of less than 1 year may underestimate the effects observed.
To conclude, fT3 levels are inversely associated with carotid atherosclerosis but not with CAC in hemodialysis patients. Also, fT3 levels are inversely associated with surrogates of AS in nondiabetics. These results add to the growing body of evidence involving thyroid alterations in the cardiovascular risk of CKD patients. Specific mechanistic and intervention studies are warranted to clarify the nature of these cross-sectional associations.
